The rapid and simultaneous separation of triacylglycerol (TAG) enantiomers and positional isomers was achieved using chiral high performance liquid chromatography (HPLC). TAGs composed of two fatty acids, which were both saturated (P: palmitic acid or S: stearic acid) and unsaturated (O: oleic acid or L: linoleic acid; e.g., sn-PPO/sn-OPP/sn-POP: 1,2-dipalmitoyl-3-oleoyl-sn-glycerol/1-oleoyl-2,3dipalmitoyl-sn-glycerol/1,3-dilpalmitoyl-2-oleoylglycerol), were resolved into three peaks using CHIRALPAK IF-3 without recycling on the HPLC system. For example, the mixture of sn-PPO/sn-OPP/sn-POP was resolved in 30 min, although it took 150 min to resolve sn-PPO/sn-OPP using CHIRALCEL OD-RH in a previous study using a recycling HPLC system. This novel chiral HPLC method was applicable for the separation of other TAG isomers, including sn-SLL/sn-LSL. For TAGs composed of three fatty acids containing both saturated and unsaturated fatty acids, the POL isomers were not sufficiently separated but the PSO and SOL isomers were partially separated into several peaks. Their elution order could be estimated by the fragment ions generated in the ion source of the mass spectrometer. However, TAGs consisting of only saturated or unsaturated fatty acids (e.g., sn-PSP/sn-PPS/sn-SPP and sn-OLO/sn-OOL/sn-LOO) were not separated. This novel chiral HPLC method is especially applicable for the analysis of TAG composition of semi-solid fats such as palm oil.
Introduction
Edible oils and fats derived from plants and animals are commonly found in a variety of diets and are used in the food industry for many purposes. The physical, chemical, and nutritional properties vary according to species and largely depend on triacylglycerol TAG compositions. Therefore, determination of the composition of TAG molecular species, which includes the combination of the three fatty acids on the glycerol backbone, is important 1 . TAG molecular species can be separated by gas chromatography and/or reversed-phase RP high performance liquid chromatography HPLC according to the number of carbons and double bonds in the three acyl groups 2 . However, it is difficult to completely separate TAG isomers consisting of the same fatty acids bound to different positions on the glycerol backbones because the behaviors of these TAG isomers are similar in the abovementioned chromatograms. Physical properties such as crystalline polymorphisms and melting points influence the mouthfeel of chocolate 3 and the digestion and absorption involved in the stereoselectivity of lipase 4 are greatly dependent on the structure of TAG isomers, which are difficult to analyze.
TAG isomers can be categorized into positional isomers and enantiomers. When a TAG is drawn using a Fischer projection, the binding positions on the glycerol backbone are distinguished as sn-1, 2, and 3, as shown in Fig. 1 . The prefix sn-indicates the stereospecific numbering. When sn-is prefixed to the abbreviated TAG e.g., PPO, P: palmitic acid, O: oleic acid , sn-PPO refers to the TAG binding two Ps and O at the sn-1, 2, and 3 positions in the respective order. For example, all permutations of the three fatty acids of TAG consisting of two Ps and O can be described as sn-PPO, sn-OPP, and sn-POP. Therefore, sn-OPP is an enantiomer of sn-PPO because the sn-2 carbon atom is a stereogenic center where different fatty acids are bound to the sn-1 and 3 positions. sn-POP binds O instead of P at the sn-2 position and is a positional isomer of sn-PPO or sn-OPP . The abbreviation of TAG without a prefix snrefers to the TAG molecular species without considering the binding positions of fatty acids.
Silver-ion HPLC can be used to separate TAG positional isomers 5 because the silver-ion stationary phase recognizes the number and position of double bonds in unsaturated fatty acid moieties on the glycerol backbone. In addition, we have developed another HPLC method using an octacosyl column at low temperatures approximately 10-20 for the separation of TAG positional isomers with two longchain saturated fatty acids P or S, S: stearic acid 6 . This method is useful for analysis of symmetric/asymmetric TAGs, including sn-POP/sn-PPO or sn-OPP . Neither silver-ion nor octacosyl columns are able to separate pairs of TAG enantiomers such as sn-PPO/sn-OPP.
The first enantiomer separation with intact TAG was reported by Iwasaki et al. in 2001 7 . Their chiral HPLC method separated TAG enantiomers consisting of highly unsaturated fatty acids and medium-chain fatty acids including sn-CCD/sn-DCC and sn-CCE/sn-ECC C: caprylic acid, D: docosahexaenoic acid, and E: eicosapentaenoic acid . However, this method cannot be used to separate sn-PPO/sn-OPP or sn-OOP/sn-POO that are commonly found in edible oils and fats because the acyl-chain length and unsaturation degree are similar for the fatty acids at the sn-1 and 3 positions. In 2011, our group developed a chiral HPLC method using CHIRALCEL OD-RH Daicel Corporation, Osaka, Japan to separate TAG enantiomers containing P and O in edible oils and fats 8 . This method required a recycling HPLC system which allows the unresolved components to pass through the same column re-peatedly. The chiral column was able to recognize the difference between saturated and unsaturated fatty acids and differences between long-chain and short-or mediumchain saturated fatty acids 9 bound to the sn-1 and 3 positions. This chiral HPLC method combined with RP HPLC enabled the determination of TAG positional isomer and enantiomer composition, including sn-POP/sn-PPO/ sn-OPP. These methods are applicable to the analyses of TAG isomers commonly observed in fish 10 , bovine milk fat 9 , and egg yolk 11 . However, the use of two separation modes RP HPLC and chiral HPLC and the recycling HPLC system complicates the analysis procedure and increases the analysis time.
Simultaneous separation of TAG enantiomers and positional isomers via chiral HPLC without using a recycling HPLC system has been reported by Lisa et al. 12 . They reported the separation of many TAG enantiomers and positional isomers present in hazelnut oil and human plasma. Their method was particularly effective for the separation of TAGs with unsaturated fatty acids such as sn-OLO/ sn-OOL/sn-OLL L: linoleic acid , but was not able to completely separate TAGs containing P and O, such as sn-POP/ sn-PPO/sn-OPP or sn-OPO/sn-OOP/sn-POO. For example, sn-POP/sn-OPP and sn-OPO/sn-OOP were coeluted in the previously developed system. The analyses of these TAG isomers have important implications for understanding of the structure and role of natural oils and fats because P and O are widely distributed in natural lipid systems such as acylglycerols or phospholipids.
In this study, we screened chiral columns for their ability to separate the TAG enantiomers sn-PPO/sn-OPP and sn-OOP/sn-POO without using a recycling HPLC system. After screening, we applied the selected column for the simultaneous separation of TAG enantiomers and positional isomers containing two or three fatty acids such as sn-POP/sn-PPO/sn-OPP. cal Industry Co., Ltd. Tokyo, Japan . In addition, 1,3-dipalmitoyl-2-oleoylglycerol sn-POP , 1,2-dipalmitoyl-3-oleoyl-rac-glycerol rac-PPO, rac-indicates a racemic compound , 1,2-dipalmitoyl-3-oleoyl-sn-glycerol sn-PPO , 1,3-dioleoyl-2-palmitoylglycerol sn-OPO , 1,2-dioleoyl-3-palmitoyl-rac-glycerol rac-OOP , and 1,2-dioleoyl-3-palmitoyl-sn-glycerol sn-OOP were produced in-house Tsukishima Foods Industry Co., Ltd., Tokyo, Japan . All other reagents used were of analytical grade and purchased from Fujifilm Wako Pure Chemical Corporation. 
Instruments and measurements

Results and Discussion
Chiral column screening
In a previous report 8 , we screened polysaccharide-based chiral columns manufactured by Daicel Corporation, which were all the coating and immobilized type columns available at that time CHIRALPAK IA, IB, and IC . Herein, we selected newly developed immobilized-type chiral columns, CHIRALPAK ID, IE, and IF. The immobilized-type chiral columns contained a polysaccharide derivative as the chiral stationary phase covalently bound to the silica gel carrier. This type of chiral column enables the use of an extended range of organic solvents, which is useful for lipid analysis. In particular, the CHIRALPAK ID and CHIRALPAK IF columns partially separated the racemic mixtures into each enantiomer without recycling. Table 1 For the CHIRALPAK IF column with MeOH solvent, rac-PPO was not eluted, but rac-OOP was separated into each enantiomer with wideranging peak tailing. Therefore, in the next experiments we selected CHIRALPAK IF with MeCN solvent for the simultaneous separation of TAG enantiomers and their positional isomers containing P, S, O, and L because this system achieved partial separation of sn-OPP/sn-PPO and sn-OOP/sn-POO. The specific separation factors for α sn-OPP/ sn-PPO and α sn-OOP/sn-POO were 1.05 and 1.04, respectively, whereas separation factor for α sn-OOP/sn-POO was 1.02 using the CHIRALPAK ID column with MeOH solvent which was too small. However, the CHIRALPAK ID column with MeOH solvent separated both rac-PPO and rac-OOP into each enantiomer. Considering their use in the LC/MS system, we selected reversed phase mode which is amenable to the ESI ion source. Figure 3 shows the EICs at m/z 898.8 OLL , 900.8 SLL and OOL , 904.8 SOO and SSL , and 906.9 SSO . Each EIC corresponding to SSO, SOO, SSL, and SLL contained three separate peaks, which were the enantiomers and positional isomer. Although m/z 906.9 corresponds to SSO, the related EIC also included other small peaks attributed to the stable isotopes of SOO and SSL m/z 904.8 . Similarly, small extra peaks attributed to stable isotopes in other EICs were detected, as shown in Fig. 3 . Because the peaks corresponding to SOO and SSL were observed in the same EIC m/z 904.8 , the m/z values corresponding to TAG-RCOO generated by in-source collision-induced dissociation CID were measured to distinguish between SOO and SSL. SOO generates SO m/z 605.5 and OO m/ z 603.5 ions, whereas SSL generates SS m/z 607.5 and and could not be separated into their respective isomers.
These results indicate that the chiral stationary phase of the CHIRALPAK IF-3 column can recognize the difference between saturated fatty acids P or S and unsaturated fatty acids O or L at the sn-1 and 3 positions. The separation factors of the abovementioned TAGs are listed in Table  2 .
3.3 Simultaneous separation of TAG enantiomers and positional isomers containing three fatty acid types To evaluate the isomer separation of TAGs with three different fatty acids, PSO, POL, and SOL were selected. The chromatograms provided in Fig. 4 suggest that TAG molecular species containing both saturated P or S and unsaturated O or L fatty acids can be partially separated into their enantiomers or positional isomers. Although these mixtures were not completely separated into six peaks because of the short theoretical plate number and chiral stationary phase selectivity, the elution orders of SOL and PSO isomers were estimated from the ratio of fragment ions corresponding to diacylglycerol DAG . The PLO isomers could not be sufficiently resolved by the chromatographic conditions used herein.
It was reported that the intensity of the 1,3-DAG fragment ion generated by in-source CID of TAG ion is smaller than that of the 1,2-DAG or 2,3-DAG fragment ion 13 . Therefore, a DAG fragment ion with a minimum intensity enables the estimation of fatty acids bound at the sn-1 and 3 positions. In addition, Section 3.2 showed that a TAG en- antiomer binding a saturated fatty acid at the sn-1 position is eluted later than the other enantiomer on the CHIRAL-PAK IF-3 column e.g., sn-OPP sn-PPO , which assisted in elution order estimation of the six TAG isomers. When the peaks corresponding to SOL m/z 902.8 were divided into five parts a, b, c, d, and e by the dotted lines shown in Fig. 4 and the ratios of DAG fragment ions, OL m/z 601.5 , SL m/z 603.5 , and SO m/z 605.5 , were compared Fig. 5 , the intensity of OL was the lowest at a . Similarly, SL was the least intense in the b and d sections, whereas SO was the least prevalent in the c and e regions. These results suggest that sn-OSL and sn-LSO overlapped in the a region, either sn-LOS or sn-SOL were dominant in the b or d regions, and either sn-OLS or sn-SLO were prevalent in c or e . Considering the elution order of the TAG enantiomers on the CHIRALPAK IF-3 column mentioned above, the elution order of the SOL isomers i.e., a b c d e was predicted to be as follows, sn-OSL sn-LSO sn-LOS sn-OLS sn-SOL sn-SLO. This column did not recognize the difference in unsaturated fatty acids between the sn-1 and 3 positions of TAGs such as sn-OSL and sn-LSO.
When the peaks corresponding to PSO m/z 878.8 were divided into six parts f, g, h, i, j, and k by the dotted lines shown in Fig. 4 and the ratios of DAG fragment ions, PO m/z 577.5 , PS m/z 579.5 , and SO m/z 605.5 , were compared Fig. 5 , the intensity of PO was the lowest at f and h . Similarly, PS was the lowest in the j and k regions, whereas the SO was least intense at g and i . These results suggest that either sn-PSO or sn-OSP were dominant at f or h , either sn-POS or sn-SOP were most prevalent in j or k , and either sn-SPO or sn-OPS were dominant in g or i . Considering the elution order of the TAG enantiomers, the elution order of the PSO isomers i.e., f g h i j k is presumably as follows, sn-OSP sn-OPS sn-PSO sn-SPO sn-POS sn-SOP. The elution orders of the SOL and PSO isomers must be confirmed using authentic samples in future studies.
Conclusion
Chiral HPLC on a CHIRALPAK IF-3 column with MeCN solvent was able to separate TAG molecular species consisting of two fatty acid types, both saturated P or S and unsaturated O or L , into enantiomers and positional isomers without recycling. For example, the sn-OPP/ sn-PPO/sn-POP mixture was resolved in 30 min, whereas 150 min was needed to resolve sn-OPP/sn-PPO using the CHIRALCEL OD-RH column under previous analytical conditions in which sn-POP could not be separated from the pair of enantiomers even when a recycling HPLC system was used. TAGs consisting of only saturated fatty acids e.g., PPS or unsaturated fatty acids e.g., OOL could not be separated using the newly developed method. TAGs consisting of three fatty acid types were partially separated. The chiral HPLC method developed in this study is amenable to the analysis of TAG composition of semi-solid fats such as palm oil. In the future, more effective separation methods for difficult-to-resolve TAG isomers on a CHI-RALPAK IF-3 column must be developed for further re- 
